Within the hydrological cycle, actual evaporation represents the second most important process in terms of volumes of water transported, second only to the precipitation phenomena. Several methods for the estimation of the Ea were proposed by researchers in scientific literature, but the estimation of the Ea from potential evapotranspiration often requires the knowledge of hard-to-find parameters (e.g.: vegetation morphology, vegetation cover, interception of rainfall by the canopy, evaporation from the canopy surface and uptake of water by plant roots) and many existing database are characterized by missing or incomplete information that leads to a rough estimation of the actual evaporation amount. Starting from the above considerations, the aim of this study is to develop and validate a method for the estimation of the Ea based on two steps: i) the potential evaporation estimation by using the meteorological data (i.e. Penman-Monteith); ii) application of a correction factor based on the infrared soil surface temperature measurements. The dataset used in this study were collected during two measurement campaigns conducted both in a plain testing site (Grugliasco, Italy), and in a mountain South-East facing slope (Cogne, Italy). During those periods, hourly measurement of air temperature, wind speed, infrared surface temperature, soil heat flux, and soil water content were collected. Results from the dataset collected in the two testing sites show a good agreement between the proposed method and reference methods used for the Ea estimation.
Introduction
Changes in the hydrological cycle induced by global warming may affect society deeply, especially with regard to flood and drought risks, water availability and water quality. 1 This consideration was comprehensible since by Rind et al., 2 who highlighted that climate changes, caused by increasing atmospheric concentrations of greenhouse gases, would have important effects on water circulation and water availability with significant environmental and economic consequences on agriculture, forestry and river flow. Also the scenario analysis on the climate change performed by Arnell predicted that by 2025 five billion people will risk to live in areas subject to water stress, with an increase of potential evaporation in the Eastern Europe even up to 25% and more. 3, 4 In consideration with this, since evaporation represents the second most important phenomenon in terms of volumes of water transported in the hydrological cycle, all the connected processes will be surely affected by climate changes. Due to the importance of the evaporation on water balances, both direct and indirect methods were developed and improved to estimate it.
The three most commonly used direct methods to estimate the actual evaporation rate are i) eddy correlation, ii) the Bowen ratio, and iii) the lysimeters, but each of the mentioned method can show different advantages and disadvantages. The applications of eddy covariance and Bowen ratio methods are many nowadays, but limited by the requirement of advanced equipments and a large uniform test area. 5 Lysimeters are also expensive. Finally, the use of micro-lysimeters has the advantage that the spatial variability of evaporation can be directly examined, but measurements are difficult and time consuming. 6 On the other hand, some popular indirect methods are used to assess actual evaporation starting from either the Penman Monteith potential evaporation model, or the Priestley and Taylor potential evaporation model, 7 It is sometime used also the advection-aridity actual evaporation model based on the Bouchet complementary relationship. 8, 9 The use of the Penman Monteith equation, as proposed by Allen et al., 10 allows rapid estimates of potential evaporation (loosely defined as the evaporation from surfaces where water is not limiting) in different sites (basically, all the sites with meteorological equipment). The equations for wet surface evaporation can be used to determine actual evaporation by means of the reductions factors as a function of moisture availability. 11 On the other hand, to better estimate the actual evaporation, Brutsaert obtained a theoretical formulation of the scalar roughness length for rough surfaces on the basis of a local Reynolds number. 12, 13 Afterwards, Parlange and Katul proposed an advectionaridity complementary model to estimate actual evaporation which requires, 14 as input, the meteorological data used in the classical Penman Monteith equation.
Recently, several attempts have been made to improve these methods in order to provide better estimates of actual evaporation. Surface temperatures, combined with meteorological factors were used to provide estimates of actual evaporation, 15 and remote-sensed surface temperatures in conjunction with net radiation, air temperature, wind speed and surface roughness were used to map both soil moisture and actual evaporation. 16 In this context, also the method developed by Ben-Asher et al. allows the actual soil evaporation estimation. 17 It starts from the daily surface temperatures of three soil samples in different hydrological conditions: steady state saturation, steady state dry, and a drying soil. In particular, by relating the surface temperature of the drying soil sample to the other ones, a relative evaporation index (RE) can be calculated to estimate the soil actual evaporation starting from the potential Penman Monteith estimation. Moreover, Kerridge et al. improved the study of Ben-Asher et al. by estimating the RE index for a drip irrigated vineyard site, 18 starting from infrared temperature measurement collected by a sensors mounted on a quad bike, on several days of the 2009-2010 season. Obviously, the need of two reference soils in steady state conditions (saturation and dry) during in situ monitoring would become a disadvantage extremely hard-to-manage.
Taking into consideration all the mentioned aspects and to create an efficient and less expensive way to estimate the actual soil evaporation both in plain and in mountain conditions, this study aims to modify the Ben-Asher method, in an effort to overcome those in situ monitoring difficulties that can represent an operational limit. An additional goal of this study would be the application of the proposed method also in mountain conditions.
Hence, the goodness of the proposed method is tested not only with the Parlange and Katul method applied to the meteorological data collected in the University Campus of Grugliasco, 14 River Po plain (NorthWest Italy), but also with the Eddy covariance experimental data collected in the mountain test site of Cogne, Aosta Valley (North-West Italy).
Materials and methods

Theory and formulations
The methodology proposed by Ben-Asher et al. and improved by Kerridge et al. allows estimation of actual evaporation based on RE calculated on the basis of the soil surface temperature. 17, 18 In particular, Ben-Asher et al. expressed the relationship between soil temperature and evaporation as: 17 (1) (2) where Ed and Es are the actual evaporation from, respectively, a dry and a saturated soil, (W m -2 ); Td,max and Ts,max represent the difference between maximum and minimum temperatures, (°C), daily based; and Sd and SS are coefficients of proportionality that are mainly function of convective and radiative transfer of energy. From theoretical findings, Ben-Asher et al., 17 discovered that this two coefficients can be considered nearly equal and directly computable from the Td,max/ Ts,max ratio. On the basis of the above mentioned assumptions, the daily latent heat flux from soil to the atmosphere can be calculated starting from the difference of the maximum and the minimum temperature measured on the soil surface in saturated and dry conditions. This imply that during any field survey, saturated and dry soil samples must be maintained near the investigated site with a labor-intensive approach. In the original method, 17, 18 the reference dry soil was established in a plastic bucket buried in the soil and protected from rain and irrigations, while the reference saturated soil was put in a similar bucket and daily refilled with water.
The RE was expressed as a linear function of the difference between maximum minimum soil surface temperatures: (3) where (4) (5) (5) T is the soil infrared temperature, (C°), the subscripts 0, d and s denote respectively dry, drying and saturated soil, and the subscripts max and min indicate the highest and the lowest daily temperature.
Unfortunately, the Ben-Asher method highlights some technical and practical limits: i) in particular conditions, when the reference dry and saturated soils have similar surface temperatures (max and min) , the RE value become close to 1 and its application in a potential evaporation models lead to an actual evaporation equal to the potential one; ii) as stated also from the author, when there are large temperature changes referred to small evaporation amounts, as well as, when soil evaporation amount decrease down to the zero level, the proposed method becomes unreliable; iii) operational difficulties in maintaining the proper conditions for the reference soils in case of field monitoring are quite complicated. 17 Moreover the Ben-Asher method cannot be applied on common meteorological databases, and on databases of satellite measurements, both of which do not contain soil surface temperature measurements of reference samples.
To overcome such limitations, we propose to estimate the surface temperatures T0,min, T0,max and Ts,max, (°C), starting from measurements collected in specific reference days of the growing season. Namely, when the soil water contents are supposed to be very close, respectively, to the minimum and to the maximum values achievable in the investigated area. The proposed method is based on the assumption that the diurnal temperature variation at the surface of the earth is mainly determined by the global short-wave radiation, according to Lonnqvist, 19 and by the air temperature in the lower layer of the atmosphere. The reference days were identified (within the same growing season) as the days with lowest and highest soil water content respectively and good weather conditions (namely after large spring rainfalls the first and in midsummer the second). Then we employed the values of maximum and minimum soil temperature measured in these two days to estimate T0,min, T0,max and Ts,max by means of the following relations:
where Rg is the global radiation, (W m -2 ); Ta is the air temperature of the lower layer of the atmosphere when the global radiation reach its daily maximum value, (°C); the subscripts lo and hi refer to the reference days with lowest and highest soil water content respectively; the subscripts m and M refer to the average value between sunrise and midday, and the average value between sunrise and the max imum daily solar radiation respectively. The air temperature correction on T0,min, T0,max, and Ts,max by mean of the terms Tahi/Talo on T0,min and Talo/Tahi on T0,max and Ts,max, reduce the discrepancy between T0 and Ts due to the difference of air temperature between the reference days.
The parameters a and b were calculated according to Ben-Asher et al., 17 while RE was given by: (10) where Td and T0, (°C), are given by (11) (12) and they represent the differences of soil surface temperature, respectively, in a normal drying day, and in the lowest soil water content reference day.
Finally, a validation procedure was performed by testing the output data with, respectively, the advection aridity evaporation model proposed by Parlange and Katul at the Grugliasco test site (plain conditions) and the Latent Heat values measured with the Eddy covariance station in the Cogne test site (mountain conditions).
Validation River Po plain test site
The actual evaporation values are referred to the meteorological dataset collected during the growing season 2009. The proposed method were compared to the actual evaporation data obtained from the advection aridity model proposed by Parlange and Katul.
In this hourly model, the potential evaporation is computed using a Penman equation, 20 while the reference wet surface evaporation is computed using the Priestley-Taylor approach.
Mountain test site
The validation in the Cogne test site was performed directly on the latent heat flux data obtained from the eddy covariance station.
The turbulent fluxes sensible heat (H) and latent heat (LE) were calculated using the following equations:
where is the latent heat of vaporization, (J kg -1 ), E the water vapor flux, (kg m -2 s -1 ), the density of dry air, (kg m -3 ), w the vertical wind speed, (m s -1 ), q the specific humidity, (kg kg -1 ), Cp the specific heat capacity of dry air (1013 J kg -1 K -1 ), and T the sonic temperature (°C). 21 The quantities w'q' and T' w' represent the covariance between vertical wind speed and vapor density, and between vertical wind speed and temperature, respectively. On these quantities it was applied the rotation of coordinates proposed by Kaimal and Finnigan. 22 The sonic anemometers' virtual air temperature was corrected, accounting for wind speed normal to the sonic path and humidity effects. 23, 24 On both the sensible heat flux and the latent heat flux, the correction for the density effects given by Webb et al. was carried out. 25 Two ground heat flux plates were installed parallel to the slope near the base of the station, at 15 cm depth in the soil. The ground heat flux term G was obtained directly from the average of these two heat flux plates. The net radiometer provides the net radiation flux Rn.
The sensible heat flux H, the latent heat flux LE, and the ground heat flux G are defined as positive away from the surface, while the net incoming radiation Rn is positive toward the surface.
Changes in heat energy stored S in the shallow soil were computed using measurements of soil temperature change in the soil column and soil-moisture content.
The change in soil heat energy was computed as: 26, 27 (15)
where 10,000 is a conversion factor; Ts is the soil temperature change, (°C); Cs is the volumetric heat capacity of the soil, (J g -1°C-1 ); d is the soil layer thickness (8 cm); and t is the time interval (1800 seconds). The soil heat capacity Cs was estimated from the relation:
where Ds is the dry-soil bulk density (1,5 g cm -3 ); Csd is the specific heat capacity of the dry soil (assumed to be 0.840 J g-1 °C -1 ); Cw is the specific heat capacity of water (namely 4.190 J g -1°C-1 ); and Xw is the mass fraction of water in the soil. Finally, to evaluate the energy fluxes on the slope we considered the correction of net radiation due to the inclined surface and its effects on eddy fluxes following the procedures proposed by Kondratiev et al. 28 The zenith and the azimuth angles of the sun requested to estimate the solar radiation on sloping surfaces were calculated with the Solar Position Algorithm developed by Reda and Andrea for the National Renewable Energy Laboratory-U.S Department of Energy. 29 
Sites description River Po plain test site
The measurement site is located in Grugliasco (Torino), in the northwestern part of the Po river plain -Italy (45° 03' 52" latitude, 7°3
5' 34" longitude) at 290 m a.m.s.l., as shown in Figure 1 . 30, 31 The Italian Geological Map identifies this area as an aeolian deposition zone which was formed by the accumulation of wind-blown sediment. The soil is mainly composed of sand and the slope is about 1% (Table 1) . Soil analysis shows the presence of two different soil horizons: the first one is a typical surface horizon (A) placed between the surface and 1.0 m depth, and the second one is a mineral horizon (C) placed from 1.0 m down to 3.0 m depth.
An Apogee Instruments IRTS-P infrared sensor was used to perform measurements of soil surface temperature during the experimental period.
Mountain test site
The study was carried out on a slope in the NorthWest Italian Alps near Cogne, Italy at 45°36' 48" latitude, and 7° 21'29" longitude ( Figure  1 ). The experimental site is located at 1730 meters above sea level on a slope facing East-Southeast (120°) with an inclination of about 26°. The vegetation is characterized by herbaceous and shrub components typical of degraded pastures at high altitudes, therefore it is representative of wide mountain areas. This region belongs to a continental climatic zone that is characterized by cold winters and hot summers; rainfall occurs mainly in spring and autumn, with an average of 650 mm y -1 . The average annual temperature is about 4°C. The experimental site is characterized by high incident solar radiation due to its aspect resulting in strong turbulent energy fluxes (sensible heat and latent heat) and large temperature differences between day and night. The incident radiation also speeds up the dynamics of snow melting and soil drying.
The eddy covariance station is located in the middle of the slope and consists of a data logger (Campbell Sci., CR3000), a three-dimensional sonic anemometer (Campbell Sci., CSAT3), an open path infrared gas analyzer (Licor, Li-7500A), and a Krypton hygrometer (Campbell Sci., KH20). These three sensors were placed parallel to the ground at an height of 2.10 meters. The sample frequency was settled at 10 Hz and the measurements were collected as averages over 30 min periods.
The experimental site is also equipped with the following additional sensors: a Vaisala HMP45C probe for detecting the air temperature and humidity; a Kipp&Zonen NR-LITE net radiometer; a Campbell Sci. CS616 probe for the measurement of water content using Time Domain Reflectometry technique; two Campbell Sci. TCAV thermocouple probes for the measurement of the soil temperature; two Hukseflux HFPS01C plates for the measurement of heat fluxes within the soil; and an Apogee Instruments IRTS-P infrared sensor for the measurement of the soil surface temperature. All the above mentioned sensors collect data each 10 min and all the collected values are also averaged on 30 min periods.
Independent soil water content measurements (performed with a Time Domain Reflectometer Campbell TDR100) were carried out since October 2010.
Results
River Po plain test site
In order to estimate the RE index, two reference days, necessary for the T0,min, T0,max and Ts,max calculation, were chosen within the growing season 2009. The selection criteria was based on the hourly soil water content Time Domain Reflectometry (TDR) monitoring. The following dates were selected:
Reference day for T0,min and T0,max: September, the 6th 2009 -when the soil reached its seasonal minimum value of water content (0.035 m 3 /m 3 ). On that day, the minimum surface temperature of the ground was 25.2 °C while the maximum reached 46.8°C.
Reference day for TS,max: April, 29th 2009 -characterized by high soil water content (0.28 m 3 /m 3 ) and absence of clouds. On that day, a minimum temperature of 11.6 °C and a maximum temperature of 19,4°C were recorded.
Starting from the parameters collected during the above mentioned days, the RE index values have been calculated for each day related to four evaporation transients during the growing season 2009 (Table 2) . In detail, for the Grugliasco site, the RE values range from a minimum of 0.18 and a maximum of 0.76, with an average value of 0.52.
The application of the estimated RE index to the potential evaporation quantities highlights that the values of "corrected" potential evaporation match quite well the actual evaporation values calculated with the Parlange and Katul method (Figure 2a-d) . This matching is particularly evident on clear days with high evaporation, namely for all the days with high solar radiation and high potential evaporation (e.g. July 19th and 20th; and August 4th and 5th).
Conversely, on days when there are irregular trend of potential evaporation due to cloudy weather or partially overcast sky (es. July 21st, 22nd and 23rd; and August 3rd, 27th, and 31st) the proposed method shows poor results: those days are all characterized by an RE index extremely low with respect to the average value.
For all those days, except for August the 31st, the low value of RE is due to the low difference between maximum and minimum daily surface temperature (<9°C). Since soil surface temperature values are highly sensitive to slight changes in sun exposure, in case of irregular solar radiation the soil temperature can be more influenced by other factors such as either air temperature or soil moisture.
The low value of RE for August the 31st depends on the solar radiation of the previous day (i.e. August the 30th), that was rather low dur- ing the afternoon. Hence, the RE index value is extremely low because of the high value of the term Td,max -Td,min in the equation (3) . In Figure  2d it is highlighted that the low solar radiation on August the 30th caused a minimum value in the soil surface temperature during the early hours of August the 31st quite lower than the average value referred to the same considered period. Only the strong incident radiation, which occurred during the following days, leads to a significant soil temperature increase. In Figure 3 it is shown the agreement between the Parlange-Katul actual evaporation values and our calculated soil evaporation. The results have been obtained without considering the above mentioned days characterized by low temperature differences.
The poor results on days with cloudy conditions are mentioned also by Kerridge et al.: they suggested that a change in weather conditions during the survey time can affect the results of the correction. 18 
Mountain test site
As in the Grugliasco site, the following dates were chosen to estimate the RE for the site of Cogne:
Reference day for T0,min and T0,max: August, the 8th 2012 -when the soil reached its seasonal minimum value of water content (0.034 m 3 /m 3 ). On that day, the minimum surface temperature of the ground was 19.5°C while the maximum reached 31.2 °C.
Reference day for Ts,max: May, the 8th 2012 -characterized by high soil water content (0.190 m 3 /m 3 ) and absence of clouds. On that day, a minimum temperature of 20.6 °C and a maximum temperature of 26.1 °C were recorded.
Starting from the parameters collected during the above mentioned days, the RE index values have been calculated for each day. They are related to two transient evaporation during the growing season 2012 (Table 3 ). In detail, for the Cogne site, the RE values range from a minimum of 0.30 and a maximum of 0.69, with an average value of 0.44.
From an analysis of the results highlighted in Figure 4a -d, it is possible to assess that the proposed correction method seems to works bet- (Figure 4b ) the results of the correction are difficult to assess, and the extreme variability of the potential evaporation reflects the extremely irregular results measured by the eddy covariance station. For all the other days within the investigated period, the correction of the potential evaporation shows a good agreement with the results obtained by the eddy covariance survey.
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In contrast with the Grugliasco results, even the days characterized by partially covered sky (hence with an irregular solar radiation) have returned values of actual evaporation very similar to those measured in situ (e.g. May 6th, 19th; and August 12th).
In the experimental site of Cogne the relationship between the actual evaporation from eddy covariance measurements and the evaporation corrected with the proposed method is much more noticeable with respect to the site of Grugliasco ( Figure 5) , with a coefficient of determination of 0.788. This can be related to the method used to calculate Ea in Grugliasco. The eddy covariance method is one of the best methods for measuring actual evaporation and it provides more accurate results than the estimations computed with the Parlange Katul method.
Also, the vegetation cover of the Cogne test site is more uniform than the Grugliasco one and it probably leads to better measurements of the surface temperature.
Conclusions
In the present work we developed and validated a method for the estimation of the actual evaporation starting from the Ben-Asher approach. 17 In particular we proposed the application of a correction factor on the potential evaporation, calculated on the base of easy-tofind parameters (namely the usual meteorological variables and the infrared soil surface temperatures), starting from two reference days in soil saturated and soil dry conditions. The method was tested both in a plain test site and mountain conditions. The proposed correction model provided a good estimation of actual evaporation especially in sunny weather conditions, both in the mountain test site, and in the plain experimental area. When there are irregular trends of potential evaporation due to cloudy weather or partially overcast sky the proposed method can lead to poor results. On the other hand, in the mountain test site, the proposed model seems to provide acceptable results also in not completely sunny meteorological conditions. This is certainly a limitation of the methodology, but the days when it is not possible to provide accurate estimates of actual evaporation are typically characterized by little incident radiation, hence, also little evaporation. Given the increasing use of infrared satellite images (e.g. Landsat, Modis) to determine the surface temperature of the soil, the proposed method could be probably applied on a large scale in the future with large advantages for the water-resources management and planning. 
